The uitrafast carrier dynamics in the high electric field at an Au-GaAs interface has been studied experimentally as well as theoretically, The photoluminescence decay time is related directly to the carrier sweepout from the GaAs depletion region, i.e., to the time needed for photoexcited electrons and holes to leave this region. This decay time has been found to increase drastically with laser input power, ranging from a few picoseconds at low excitation to values of 1 0 -2 0 ps at high excitation. These results indicate a significant retardation of the sweepout, which cannot be explained by inlervalley scattering and space-charge effects. From our Monte Carlo calculations it has been found that the applied electric field collapses totally almost instantaneously after laser excitation due to the enormous excess of photoexcited charges. The sweepout only recovers after some time needed to recharge the device. © 1996 American Institute o f Physics, [S0021-8979(96)05924-5]
I. INTRODUCTION
The study of the ultrafast dynamics of hot carriers in semiconductors in high electric fields is important not only for designing structures for high speed optoelectronics but also for the fundamental understanding of energy relaxation and non-linear transient transport. Originally investigations concerning the ultrafast non-stationary and non-equilibrium carrier transport have been restricted to theoretical predic tions, due to the lack of experimental techniques.1 However, since the availability of picosecond (and more recently of femtosecond) light sources a large number of time-resolved investigations have been carried out to check the predicted ultrafast behavior of carriers. Recently, several groups have employed successfully a photoconductivity technique, using (sub)picosecond laser pulses and fast optical switches to measure the transient transport. They have used Monte Carlo calculations in an attempt to understand the results.3-5 Ex perimental evidence for a velocity overshoot in GaAs, as predicted first by Ruch,6 has been found to occur for elec trons photoexcited into the T -valley of the conduction band in a biased GaAs photoconductor. The electrons are acceler ated in the F-valley due to the high electric field. Above a certain field strength the electrons gain enough energy to be scattered into the satellite L-valley, resulting in a lower drift velocity.4 Photoexcitation closer to the conduction band-edge results in a larger velocity overshoot, because the electrons spend more time in the F -valley, before they scatter into the satellite valleys. These effects which are due to the inherent band structure and intervalley scattering should not be con fused with the transport transients arising from space-chargeseparation effects.5 Since the photoexcited electrons and holes drift in opposite directions thé internal electric field is changing, which can produce a photoconductive transient as well. Furthermore in practice the non-linear transient carrier transport in a real device might also be strongly affected by additional phenomena, such as the influences of the contacts and an electric field depending on time and position. Therefore we investigate the ultrafast carrier dynamics in the high intrinsic electric field at a metal-semiconductor interface, in order to gain insight into which of the above mentioned parameters determine the transient transport.
The carrier sweepout from the depletion region of a modified biased Au-GaAs Schottky barrier was studied with use of a subpicosecond photoluminescence correlation technique.7 The use of this technique in this kind of experi ment, as applied first by Von Lehmen et al.*'9 offers the possibility to monitor the carrier transport on a subpicosec ond time scale. Moreover, in principle this technique can provide for energy-resolved correlated photoluminescence spectra in order to probe the energy distribution and the en ergy relaxation of the carriers. This paper is organized as follows. In the next section the layer composition of the modified Schottky barrier will be discussed, which is of major importance for the total photoluminescence yield. Subsequently the experimental results will be presented in Section III. 
III. THE EXPERIMENT

*
Subpicosecond time-resolved photoluminescence mea surements were performed with help of a correlation technique.7 The sample was excited by two laser pulse trains (generated by a colliding pulse mode dye laser, pulse width 60 fs, energy 2.03 eV, repetition rate 100 MHz) of equal amplitude, with a variable time delay St in between. The two beams were chopped separately at frequencies ai\ and co2 and were focused to a 20 /xm diameter spot onto the sample surface. The time-integrated photoluminescence of the deple tion layer was guided through a i m monochromator (Monospek) and detected by a cooled GaAs photomultiplier with use of a lock-in amplifier tuned to frequency cor w2* The experiments were performed on modified Schottky
The resulting photoluminescence signal can be expressed as barrier samples, grown by molecular beam epitaxy. The the cross correlation of the electron («,-) and hole (/?,•) populayer composition is shown schematically in Figure 1 . The lations, photoexcited by the first (i= 1) and second (/ = 2) actual barrier is formed by a 0.3-yum-thick n-type GaAs laser pulses:
been performed, of which the ingredients and assumptions will be discussed in Section IV. In Section V the results of the calculations will be compared with the experimental ob servations. Finally, the conclusions will be summarized in the last section.
II. SAMPLE COMPOSITION
(doping concentration: 10 cm ) layer and a semitranspar ent Au film of 80 A thickness, to allow for laser excitation through the metal top contact. To suppress interface recom bination and provide for a superior optical quality the sample contains a very thin (100 A) undoped A l04Ga0,6As layer be-
The signal is determined by the overlap in both real space and k space of the electron and hole distributions inside the tween the metal and the depletion layer, capped by a 100-AGaAs depletion region. Thus the decay of the photoluminesthick undoped GaAs layer. In addition a heavily doped cence intensity is a measure for the ultrafast transport of the rc-type (doping concentration: 1018 cm" 3) superlattice buffer carriers.
layer (100 X 50 A GaAs/50 A Alo^Gao^As) has been inserted between the depletion layer and the ft+-GaAs sub strate. This superlattice prevents carrier creation in the subThis correlated photoluminescence intensity was mea sured at an energy close to the band edge, as a function of the reverse bias across the sample (0^ Vbias^4 .0 V), i.e., the strate which could cause a disturbing background signal in backside contact is positively charged with respect to the top addition to the depletion layer photoluminescence. The size of the sample amounts to 4 X 4 mm2. A voltage bias can be applied across the sample between a AuGeNi backside con tact and the top Au contact. The insertion of the (Ga,Al)As layer at the top and the superlattice at the bottom was found contact. Also the laser excitation power was varied from 0.1 mW to 2.0 mW, that is the concentration of created carriers ranged from less than 5X 1016 to more than 5 X1017 cm'"3.
A typical correlation trace for the entire time interval used (5 /^6 0 0 ps) is depicted by dots in Figure 2 To our opinion the lack of a distinct dependence on the ex perimental parameters suggests that this part of the signal originated from the region which was the least affected by the bias voltage, i.e. the substrate.
IV. THE MONTE CARLO SIMULATIONS
Special attention was paid to the striking retardation of the carrier sweepout in the case of a high laser input power. In these simulations the device was modeled schematiAn additional important point to note is the following. The pronounced input power dependence of the experimental results suggests that the photoexcited charge dominates the cally assuming an initial band bending at the metalcharge initially present in the biased device. Therefore it is semiconductor interface as is indicated in Figure 6 . The worthwhile to consider the situation in more detail. In the 0.3-¿¿m-thick GaAs layer is separated from the Au by a barcase of the highest input power the photo injected charge is rier formed by the intermediate AIGaAs layer and the still four orders of magnitude lower that the total charge on Schottky barrier. Due to its heavy n~type doping the super lattice was assumed to form no barrier for the electrons and a the device. However, it is the charge density, i.e. the charge on the illuminated part, that is important and not the total large one for the holes. T he applied bias voltage creates an charge present on the device (see Figure 7) . For example the inteiface charge at the A u film which is compensated for by photoexcited charge density can exceed the intrinsic one by a a constant intrinsic space-charge thioughout the whole deplefactor of 20, inevitably leading to serious consequences tor the carrier sweepout, as will be shown in the following. Very shortly after excitation a number of holes will reach the top contact, where these holes neutralize the metal surface charge, leading to a reduced field strength. In the case that the photoexcited charge density significantly ex ceeds the intrinsic one, the applied field may be destroyed totally by only a small part of the excited holes. It will take some time before the field'will be restored, that is the time needed to recharge that part of the device which is de charged, i.e. the illuminated part, as is illustrated in Figure 7 . Obviously this recharging time is related to the R C -time constant of the device studied, which is basically the illumi nated part incorporated in the total device on which a surplus of charge is present. From C -V measurements the capaci tance of the illuminated part was estimated to be about 0.2 pF. The resistance was believed to be determined by the very thin semi-transparent top Au contact which has a square re sistance of a few ohms, rather than the low ohmic highly doped backside contact. As a result the /?C-time was exthe high L-valley occupancy at short times. The electrons 
V, THEORETICAL RESULTS AND DISCUSSION
order to make a proper comparison between the calculated and measured sweep out times we calculated the correlated photoluminescence intensity according to Equation (1) from the electron and hole distributions in space and time. ation of 3 V bias and a rreg of 1 ps. The extracted decay times are given as pluses in Figure 10 . Generally there is a very good agreement between the two calculations, except perhaps for the lowest input powers. It should be noted that these more sophisticated calculations makes the agreement with the experiment ( photoluminescence decay time equals 3 ps) for the lower input powers slightly better. Moreover, from these more realistic simulations it appears that the maximum in the correlated photoluminescence intensity around 1 ps [ Figure 9 (b)] is merely an artifact which disap pears in the calculations without the first assumption. Finally we may conclude that our interpretation of the retarded sweepout is correct. Consequently it should be em phasized that in order to determine or examine sweepout phenomena in these kind of optoelectronic structures the photoexcited earner densities should be kept very low to avoid excess charge effects.
The effect of the photoexcited charge density on the electric field gains definitely in importance with increasing input power as follows from Figure 
VI. CONCLUSIONS
In summary, the ultrafast carrier sweepout from the depletion region of a Au-GaAs Schottky barrier has been found to be strongly affected by the external conditions, which might act as an extra limit for operating a device at its maximum frequency or which might lead to peculiar highly non-linear transport transients. Since even at moderate laser input powers the injected charge density dominates the one initially present, the applied field collapses almost instanta neously after laser excitation, while its reconstruction takes the time needed to recharge the device. A contact recharging time constant had to be invoked in the Monte Carlo analysis to explain the experimental observations. The use of a re charging time of 1 ps, which corresponds to the estimated device R C time, leads to the nice quantitative reproduction of the experimentally observed carrier sweepout. Ultimately the actual carrier sweepout is determined by both the contact regeneration time and the photocreated carrier concentration. In view of the common values of the electric fields involved and the laser input levels used, it should be noted that the concept o f a finite time for the restoration of the internal electric field should be applicable to other optoelectronic de vices as well, for example fast optoelectronic switches.17
